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Partial Depletion of Mitochondrial DNA from Human
Skin Fibroblasts Induces a Gene Expression Profile
Reminiscent of Photoaged Skin
Peter Schroeder1, Tobias Gremmel1, Mark Berneburg2 and Jean Krutmann1
In photoaged skin, wrinkles result from an increased degradation and a decreased de novo synthesis of
collagen fibers. At the molecular level, photoaged skin is characterized by increased amounts of large-scale
deletions of the mitochondrial (mt) genome such as the 4,977 bp common deletion. The common deletion can
be generated in dermal fibroblasts through repetitive ultraviolet (UV) A irradiation, and this was found to be
associated with an increased expression of the collagen-degrading enzyme matrix metalloproteinase-1 (MMP-1).
These studies did not clarify whether increased MMP-1 expression was caused by a disturbance of mtDNA
integrity or whether it occurred independently. We have therefore generated a phenocopy of cells bearing
large-scale deletions of mtDNA by gradually depleting the mtDNA from unirradiated human skin fibroblasts.
Gradual depletion of mtDNA caused a gene expression profile, which was reminiscent of that observed in
photoaged skin. Accordingly, in these cells an increased expression of MMP-1 without a concomitant change in
tissue inhibitor metalloproteinase-1 as well as a decreased expression of collagen type 1 alpha-1, that is, a gene
involved in collagen de novo synthesis, was observed. This altered gene expression resulted from intracellular,
mitochondria-derived oxidative stress. Our results support the concept that disruption of mt integrity, for
example, by UV-induced mtDNA mutagenesis, is of pathogenetic relevance for photoaging of human skin.
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INTRODUCTION
Mutations of mitochondrial (mt) DNA accumulate during
aging (Wallace et al., 1998; Balaban et al., 2005). For years,
the evidence linking mtDNA mutagenesis and aging has been
circumstantial, but recent studies demonstrate a cause/effect
relationship (Trifunovic et al., 2004, 2005; Kujoth et al.,
2005). Transgenic mice with a proofreading deficient mtDNA
polymerase accumulated point mutations in mtDNA early on
in life. This increased mtDNA mutagenesis was followed by
the development of a phenotype indicative of premature
aging, that is, kyphosis, skin atrophy, hair graying, and
osteoporosis. These studies unambiguously show that
mtDNA mutagenesis is causally related to premature aging
(Loeb et al., 2005). It is, however, currently not known how
mtDNA mutagenesis translates into aging at an organ level.
An ongoing debate focuses on the role of oxidative stress
in this process (Loeb et al., 2005). A vicious cycle has been
hypothesized in which oxidative stress induces mutations of
mtDNA leading to a deficient respiratory chain, in turn
leading to reduced energy production and ultimately to tissue
aging (Wallace et al., 1998; Balaban et al., 2005). In support
of this concept are recent studies linking mtDNA mutagenesis
and premature, that is, ultraviolet (UV) radiation-induced,
skin aging (Krutmann and Gilchrest, 2006). Accordingly,
photoaged human skin, in comparison with sun-protected
skin of the same individuals, contains increased amounts of
large-scale deletions of mtDNA (Yang et al., 1995; Berneburg
et al., 1997; Birch-Machin et al., 1998). In addition, repetitive
sublethal exposure to UVA radiation at doses acquired during
a regular summer holiday induces mutations of mtDNA in
dermal fibroblasts in a singlet-oxygen-dependent fashion as
well as in normal human skin (Berneburg et al., 1999, 2004).
Once induced, these mutations persist for at least 16 months
in UV-exposed skin, and their level may increase during this
time interval even in the absence of further exposures,
indicating the existence of a vicious cycle in photoaged skin.
In vitro studies have shown that UV-induced mtDNA
mutations reach levels of functional relevance, because
sublethal repetitive UVA exposure of human dermal fibro-
blasts reduced cellular oxygen consumption, mt membrane
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potential, and ATP content as parameters for mt function
(Berneburg et al., 2005). Mitochondrial mutagenesis as well
as functional consequences could be normalized by the
addition of antioxidants, indicating a role for oxidative stress
in the generation of mtDNA mutations as well as the resulting
functional consequences (Eicker et al., 2003; Berneburg
et al., 2004, 2005).
Wrinkles are a clinical hallmark of photoaged skin. Skin
wrinkling in photoaging is the consequence of a loss of
normal collagen fibers and the appearance of structurally
altered collagen in the dermal matrix (Krutmann and
Gilchrest, 2006). Collagen loss has been shown to result
from decreased de novo synthesis and increased degradation
of type I and type III collagen fibers (Forti and Trieff, 1980;
Fisher et al., 1996, 1997, 1998, 2002). Collagen degradation
is tightly controlled by the balance between the proteolytical
enzyme matrix metalloproteinase (MMP-1) and its tissue-
specific inhibitor TIMP-1 (tissue inhibitor metalloproteinase-1).
It has therefore been of great interest to learn that
repetitive, sublethal UVA-exposure-induced mtDNA muta-
genesis in cultured human fibroblasts was associated with the
induction of MMP-1 without a concomitant upregulation of
TIMP-1 (Berneburg et al., 2005). These studies, however, did
not clarify whether increased MMP-1 expression in irradiated
cells was caused by mtDNA mutagenesis, or whether it
occurred independently, for example, as the consequence of
UVA-induced signaling cascades that do not require or
involve the generation of mtDNA mutations (Grether-Beck
et al., 1997). The role of reactive oxygen species (ROS) or the
mt integrity in regulation of gene expression in human skin
fibroblasts was described previously by several authors, for
example, for MMP-1 (Brenneisen et al., 1997; Ma et al.,
2005) and for manganese superoxide dismutase (MnSOD)
(Lu et al., 1999). In this regard, this study focuses on the
causal relationship between mtDNA mutations, oxidative
stress, and functional consequences.
To address this problem, we have now analyzed human
dermal fibroblasts that were left unirradiated but had been
gradually depleted of their mt genome to generate a
phenocopy of cells bearing large-scale deletions of mtDNA.
We have found that gradual depletion of mtDNA, which was
achieved by treatment of cells with sublethal concentrations
of ethidium bromide (EtBr), caused a gene expression profile
that resulted from intracellular, mitochondria-derived oxida-
tive stress and was reminiscent of that expressed in situ in
photoaged human skin.
RESULTS
Gradual depletion of mtDNA alters mt function
Repetitive exposure of primary human dermal fibroblasts to
sublethal doses of UVA radiation has previously been shown
to cause a partial loss of the mt genome by inducing the
formation of large-scale deletions of up to 5,000 base pairs
(Berneburg et al., 1999, 2005). To generate a phenocopy in
unirradiated cells, we gradually depleted mtDNA from
immortalized (hTert) human fibroblasts through treatment
with low concentrations of EtBr. At this concentration, EtBr
specifically accumulates in the mt matrix, and this approach
has been used before for specific but reversible depletion of
mtDNA in several immortalized cell lines (Naum and Pious,
1971; King et al., 1972; Wiseman and Attardi, 1978; Hayashi
et al., 1994; Marusich et al., 1997; Seidel-Rogol and Shadel,
2002; Maniura-Weber et al., 2004). Fibroblast mtDNA
content was reduced in a time-dependent manner reaching
values below the detection limit after 4–5 weeks of treatment
with 50 ngml1 EtBr (Figure 1a). When the treatment was
stopped, mtDNA content recovered within 1 week to normal
levels (data not shown). During the complete treatment
period, the viability of cells remained unaffected (data not
shown). Additional analysis of mtDNA content relative to
nuclear DNA content for 1 day to 2 weeks of EtBr treatment
confirmed the loss by mtDNA depletion relative to nDNA
(1 day: 1.05±0.19; 2 days: 0.83±0.12; 1 week: 0.34±0.07;
2 weeks: 0.09±0.04; relative to EtBr-free cells, mean±SEM).
Gradual depletion of mtDNA was associated with a
concomitant decrease in mt functions, as shown by a time-
dependent decrease in oxygen consumption (Figure 1b). Note
that, within the first 2 weeks of EtBr treatment, depletion of
mtDNA and loss of respiration were only partial. Also during
this time interval, the mt membrane potential, as assessed by
differential fluorescence of the dye JC-1, was strongly
decreased during EtBr treatment when compared with control
cells (Figure 1c). Taken together, this phenotype was similar
1.0
–EtBr
+EtBr
0.8
0.6
m
tD
N
A 
co
n
te
nt
0.4
0.2
0.0
1.0
0.8
0.6
O
xy
ge
n
co
n
su
m
pt
io
n
M
ito
ch
on
dr
ia
l
m
e
m
br
an
e 
po
te
nt
ia
l
R
el
at
iv
e 
am
ou
nt
0.4
0.2
0.0
1.0
0.8
0.6
0.4
0.2
0.0
1 2 3 4 5 7 8 9 10 11 12 13 14
1 2 3 4 5 7 8 9 10 14
1 2 3 4 5 7
Treatment time (weeks)
8 9 10 1411 12
Figure 1. EtBr treatment of fibroblasts. hTert fibroblasts were treated with
50 ngml1 EtBr for up to 14 weeks, applying fresh medium every second day.
(a) Content of mtDNA measured by PCR. (b) Oxygen consumption under
normoxic conditions measured via Clark-Electrode. (c) mt membrane
potential measured via differential measurement of JC-1 fluorescence. Data
represent one of three independent experiments with essentially identical
outcome.
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to that previously described for repetitively UVA-irradiated
fibroblasts. We therefore focused on this time period in all
future experiments.
MMP-1 expression during gradual depletion of mtDNA
The generation of large-scale deletions in the mt genome of
repetitively irradiated fibroblasts was associated not only with
a decrease in mt function, but also with an altered expression
of MMP-1 (Berneburg et al., 2005). Accordingly, MMP-1
mRNA levels were increased, whereas TIMP-1 mRNA levels
remained unchanged. To further validate our model, we next
assessed MMP-1 and TIMP-1 expression in fibroblasts
undergoing EtBr treatment. As shown in Figure 2, EtBr
treatment did not affect TIMP-1 mRNA levels, but increased
MMP-1 mRNA expression. MMP-1 levels were increased
throughout the 2 weeks of treatment. These results indicated
that EtBr treatment of fibroblasts mimics repetitive UVA
irradiation by (i) partially depleting mtDNA, (ii) decreasing mt
functions, and (iii) upregulating MMP-1 (Figure 2a), but not
TIMP-1 (Figure 2b) mRNA expression. Upregulation of MMP-
1 without a concomitant induction of TIMP-1 expression has
previously been observed in situ in UV-irradiated skin (Fisher
et al., 1998). In addition to MMP-1-mediated proteolysis, a
decrease in de novo synthesis is thought to be responsible for
the rarefication of collagen fibers in photoaged skin (Fligiel
et al., 2003). We therefore next assessed the expression of
collagen type 1 alpha-1 (COL1A1), a gene responsible for the
predominant collagen of the skin, in EtBr-treated fibroblasts.
In contrast to MMP-1, COL1A1 expression was decreased at
the beginning of the EtBr treatment, whereas at later time
points, at least partial recovery can be observed (Figure 2c).
These observations indicated that during EtBr treatment
the resulting gene expression profile resembled that observed
in situ in photoaged skin (Fisher et al., 2002; Krutmann and
Gilchrest, 2006).
The role of ROS in altered gene expression during gradual
depletion of mtDNA
Oxidative stress has been implied to play a role in aging
processes driven by mtDNA mutagenesis. We therefore have
studied next the expression of MnSOD in our cells. MnSOD
is the main enzyme involved in detoxification of mt super-
oxide and is regulated in response to oxidative stress (Ji et al.,
2005). As is shown in Figure 3, EtBr treatment increased the
expression of MnSOD; maximum upregulation was recorded
between 3 days and 1 week of treatment.
The observation that a gene involved in the cellular
response to oxidative stress was upregulated prompted us to
study the role of ROS in this system. Staining of cells with the
fluorescent dye 20,70-dichlorodihydrofluorescein diacetate
(DCFDA) revealed the intracellular formation of ROS in
EtBr-treated cells. Slightly increased cytosolic ROS levels
could be detected as early as 24 hours after initiation of EtBr
treatment (Figure 3c). The time kinetic of ROS generation
corresponds to that observed for MMP-1 upregulation and
COL1A1 downregulation (Figure 2), indicating a cause/effect
relationship. To test the possibility that mt ROS are involved,
EtBr-treated cells were incubated with the mitochondrially
targeted antioxidant MitoQ (Kelso et al., 2001; Jauslin et al.,
2003). In EtBr-treated cells, MMP-1 upregulation as well as
COL1A1 downregulation were prevented, if cells were
coincubated with MitoQ (Figure 3d). These data indicate
that, in EtBr-treated cells, increased mt ROS production leads
to altered gene expression.
DISCUSSION
In this study, we show that a 1-week treatment of human skin
fibroblasts with a very low, sublethal concentration of EtBr
leads to a partial depletion of mtDNA, a concomitant
decrease in mt functions and an upregulation of MMP-1,
but no change in TIMP-1 mRNA expression. Essentially
identical changes have previously been reported to occur in
human skin fibroblasts which had been exposed to repetitive
doses of UVA radiation to induce the formation of large-scale
deletions of mtDNA (Berneburg et al., 2005). We therefore
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Figure 2. Effect of EtBr treatment on the expression of extracellular matrix-
associated genes. Cells were treated with EtBr for up to 3 weeks, with medium
changed every second day. Samples taken after 1 day, 3 days, 1 week, or 2
weeks were analyzed for expression of (a) MMP-1 , (b) the respective tissue
inhibitor (TIMP-1), and (c) collagen 1A1, accounting for the synthesis of the
major part of the extracellular collagen (COL1A1, ). mRNA expression was
measured by semiquantitative real-time PCR and calculated as relative
expression to expression in EtBr-free control cells, which was set to 1 (dotted
line). Data are means±SD of three independent experiments. * indicates
significantly different to respective EtBr-free control.
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conclude that depletion of mtDNA by EtBr treatment is a
valid model strategy to mimic the effects of UVA irradiation-
induced mtDNA mutagenesis in unirradiated cells.
We are very well aware of the limitations and pitfalls of
this model. In particular, EtBr does not specifically intercalate
with mtDNA, but also damages nuclear DNA. The low
concentrations used in this study, however, have previously
shown to lead to an accumulation of EtBr specifically in the
mt matrix (Hayashi et al., 1994) and this strategy has been
used before as an established tool to transiently deplete
mtDNA from immortalized cell lines (Naum and Pious, 1971;
King et al., 1972; Wiseman and Attardi, 1978; Marusich
et al., 1997; Seidel-Rogol and Shadel, 2002; Maniura-Weber
et al., 2004). In addition, repair of mtDNA is significantly
slower as compared with nuclear DNA (Clayton et al., 1974).
It can therefore be assumed that damage to mtDNA
predominates early during EtBr treatment, whereas at later
time points, nuclear DNA damage becomes of increasing
importance. This assumption is supported by the present
observation that increased mt ROS production was primarily
detectable during the first week of EtBr treatment (Figure 3),
whereas later time points were more and more characterized
by a nuclear DNA damage response with a concomitant
upregulation of DNA repair genes (data not shown). We
therefore believe that by employing low EtBr concentrations
and by focusing our studies on the early phase of EtBr
treatment, we can at least partially compensate for the lack of
absolute specificity, which is inevitably associated with this
approach. Also, no alternative strategy to address the
purpose of this study is currently available. Accordingly,
mtDNA polymerase transgenic mice are no suitable model,
because they primarily develop point mutations in their
mt genome, whereas UV radiation induces large-scale
deletions of up to 5,000 base pairs (Trifunovic et al., 2004;
Kujoth et al., 2005).
In replicative senescence, a long-term increase in mt mass
mediated by oxidative stress has been described (Lee et al.,
2000). In our model, we investigate only short- to midterm
effects. The decrease of mtDNA in our model represents the
increased formation of mtDNA deletions. In later stages of the
aging process, cells might try to compensate the resulting loss
of mt function by increased mt biogenesis (Passos et al.,
2006). For photoaged skin, however, this remains to be
shown.
By accepting the limitations discussed above, we have
been able to study the functional consequences that result
from partial depletion of mtDNA in human skin fibroblasts. In
our previous studies, we did not clarify whether upregulation
of MMP-1 in repetitively UV-irradiated fibroblasts was the
consequence of mtDNA mutagenesis, or whether it occurred
independently (Berneburg et al., 2005). The present observa-
tion that, similar to repetitive UVA irradiation, partial
depletion of the mt genome by EtBr treatment caused
upregulation of MMP-1, but not TIMP-1, indicates that these
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Figure 3. EtBr treatment leads to oxidative stress and a corresponding cellular response. Cells were treated with EtBr for up to 2 weeks, with medium changed
every second day. Samples taken after 1 day, 3 days, 1 week, or 2 weeks were analyzed for the expression of (a) the antioxidative enzyme MnSOD mRNA and
(b) protein, and (c) the level of ROS utilizing the fluorescent dye DCF in the presence and absence of 100 nM MitoQ. (d) Effect of 100 nM MitoQ on mRNA
expression of COL1A1, MMP-1, and MnSOD in EtBr-treated cells. mRNA expression was measured by semiquantitative real-time PCR and calculated as relative
expression to expression in EtBr-free control cells, which was set as 1 (dotted line). ROS levels were measured by FACS analysis. Data are (b) one representative
of three independent experiments with essentially identical outcome or (a, c, d) means±SD of three independent experiments. * indicates significantly different
to EtBr-treated cells without MitoQ.
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changes were indeed a consequence of mtDNA mutagenesis.
This conclusion is further supported by the present finding
that MMP-1 expression required the generation of oxidative
stress from mitochondria, because it was normalized upon
treatment of cells with a mt-targeted antioxidant. In contrast,
biological effects that are directly induced, that is, without a
requirement for mtDNA mutations, appear to be mediated
by plasma membrane-derived ROS, but not mt ROS (Dr
Wiesner, personal communication).
Increased MMP-1 expression was accompanied by (i) an
upregulation of other genes encoding for proteins involved in
the degradation of dermal matrix proteins and (ii) a down-
regulation of the expression levels of genes important for
de novo synthesis of matrix constituents such as COL1A1. This
situation is reminiscent of the in situ gene expression pattern
that characterizes photoaged human skin (Fisher et al., 1996,
1997, 1998, 2002). Similar to MMP-1, upregulation of genes
involved in matrix degradation and downregulation of genes
important for matrix de novo synthesis was prevented by an
mt-targeted antioxidant. It is thus conceivable to assume that
partial depletion of the mt genome, either as a consequence
of repetitive UV irradiation or the treatment with sublethal
concentrations of EtBr, disturbs mt functions and thereby
causes an increase in the mt production of superoxide anions.
Mitochondrial superoxide anion production is then respon-
sible for altered gene expression. It should be noted that after
1 week, the upregulation of MMP-1 in EtBr- and MitoQ-
treated cells is higher than in EtBr-treated cells. This might be
due to the fact that EtBr treatment leads to a self-amplifying
increase in ROS that cannot be totally compensated but only
postponed by the use of MitoQ.
Interestingly, use of MitoQ has only a minor effect on
cytosolic ROS levels (Figure 3c), whereas it has a significant
impact on gene expression. This points toward a crucial role
of mt ROS in initiation of signaling event in our model.
The resulting gene expression pattern, which is character-
ized by an upregulation of genes involved in matrix
degradation and a downregulation of genes required for
matrix de novo synthesis, is functionally relevant for
photoaging of human skin. We therefore hypothesize that
mtDNA mutagenesis is not simply associated with, but is in
fact causally related to, photoaging of human skin. We
propose that the presence of large-scale deletions in mtDNA
of dermal fibroblasts represents an intracellular source for
chronic oxidative stress that leads to functional and structural
alterations of the dermal matrix similar to those in photoaged
human skin. For this situation, which is depicted as a cartoon
in Figure 4, we have coined the term ‘‘defective power-
house’’ to emphasize that, according to this model, photoa-
ging originates from a repetitive UV irradiation-induced
disturbance in mt integrity (Krutmann and Gilchrest, 2006).
In general, the gene expression pattern that we have
described for EtBr-treated fibroblasts shares several features
with the secretory phenotype of senescent cells (Campisi,
2005). This so-called senescence response is characterized
by the secretion of high levels of several matrix metallopro-
teinases, epithelial growth factors, and inflammatory cyto-
kines. It has been pointed out that in many ways the secretory
phenotype of senescent fibroblasts resembles that of fibro-
blasts undergoing a wounding response (Campisi, 2005).
Our model implies the existence of a pathway of
communication from mitochondria to the nucleus. Retro-
grade signaling is the general term for the role of mitochon-
dria in intracellular signaling (Butow and Avadhani, 2004). In
mammalian cells, mt dysfunction sets off signaling cascades
through altered Ca2þ dynamics, which activate transcription
factors such as NF-kB, nuclear factor of activated T-cells
(NFAT), and activating transcription factor (ATF). In addition,
retrograde signaling is linked to target of rapamycin (TOR)
signaling, but the precise connection is unclear. Further
studies are required to define the precise signaling steps
through which large-scale damage to mtDNA signals to the
nucleus and alters gene expression. The present results
suggest that mitochondria-derived ROS play an important
role in initiating this retrograde signaling cascade.
MATERIALS AND METHODS
Institutional approval
All experiments performed had full institutional approval.
Materials
All chemicals were purchased from Sigma (Deisenhofen, Germany)
except MitoQ, which was a kind gift from Dr Murphy (Cambridge,
UK) (Kelso et al., 2001; Jauslin et al., 2003).
Cell culture
Immortalized (hTert) human skin-derived fibroblasts were obtained
from Dr Toussaint (Namur, Belgium) and cultured in Eagle’s
minimum essential medium (Life Technologies GmbH, Eggenstein,
Germany) containing 15% fetal calf serum (Greiner, Frickenhausen,
German), 0.1%. L-glutamine, 2.5% NaHCO3, and 1% streptomycin/
mtDNA 
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Figure 4. Mitochondrial mutagenesis and photoaging of the skin.
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amphotericin B in a humidified atmosphere containing 5% CO2 as
described. Cells were kept in 10-cm culture dishes for culture and
ethidium bromide treatment.
Ethidium bromide treatment
For induced depletion of mtDNA, human fibroblasts that had been
immortalized through stable transfection with human telomerase
catalytic subunit (hTert) were cultured in DMEM containing 4.5 g l-1
glucose, 10% fetal calf serum, 50 mgml1 uridine, 1mM sodium
pyruvate, and 50ngml1 ethidium bromide at 371C and 5% CO2.
Fresh medium containing ethidium bromide was applied every 2
days. Content of mtDNA was monitored by real-time PCR based on
Koch et al. (2001) and oxygen consumption by Clark electrode
measurements as described previously (Berneburg et al., 2005).
Reverse transcription PCR for MMP-1, TIMP-1, COL1A1,
MnSOD, 18S rRNA
Detection of gene expression by real-time reverse transcription PCR
has been described previously (Berneburg et al., 2005). In brief, cells
were harvested and total RNA was isolated, and mRNA expression
was determined by semiquantitative (compared to 18S rRNA) real-
time reverse transcription PCR. The following primer oligonucleo-
tides specific for 18S RNA, MMP-1, COL1A1, MnSOD, and TIMP-1
were used: 18S RNA: GCCGCTAGAGGTGAAATTCTTG, CATTCT
TGGCAAATGCTTTCG; MMP-1: GATGAAAGGTGGACCAACAA
TTT, CCAAGAGAATGGCCGAGTTC; COL1A1: CGCTACTACCGG
GCTGATGAT, GTCTTGGGGTTCTTGCTGATGTA; MnSOD: AG
CACGCTTACTACCTTCAG, ACTTTTTGCAAGCCATGTAT; TIMP-1:
TCGTGGCTCCCTGGAACA, CCAACAGTGTAGGTCTTGGTGAAG.
PCR for mtDNA and IFN-b DNA
Quantification of mtDNA was done based on Koch et al. (2001).
Equal numbers of EtBr-treated and EtBr-untreated cells were
analyzed via real-time PCR. Amount of mtDNA relative to nuclear
DNA was additionally analyzed semiquantitatively (compared with
IFN-b DNA). The following primer oligonucleotides were used:
INF-b: GCAGAAACGGAGAGACATAC, TTTTGGGGTGAACATATTG;
mtDNA: GATTTGGGTACCACCCAAGTATTG, AATATTCATGGTG
GCTGGCAGTA.
Oxygen consumption
For measurement of oxygen consumption, cells were kept in DMEM
(Gibco, Karlsruhe, Germany) containing no glucose supplemented
with 1% sodium-pyruvate, 1% penicillin/streptomycin, and 1%
glutamine, as well as 15% fetal calf serum as previously described
(Berneburg et al., 2005). An aliquot of 3.5 106 cells was spun down
at 1,000 r.p.m. (128.23g) for 5minutes at room temperature,
resuspended in DMEM, and kept on ice until measurement. The
standard Clark type electrode (Hansatech, Kings Lynn, Great Britain)
used was calibrated according to the manufacturer’s instructions with
sodium-dithionite. Measurement of oxygen consumption was plotted
in a time-dependent manner, which was extrapolated by comparison
with a standard curve to give values as liter oxygen consumption per
minute as described previously (Berneburg et al., 2005).
Mitochondrial membrane potential
Assessment of mt membrane potential was performed as described
previously (Berneburg et al., 2005) by staining with the J-aggregate
forming lipophilic cation JC-1 as provided by the ApoAlert mt
membrane sensor kit (Clontech, Heidelberg, Germany). Measure-
ments were performed as indicated in the kit. In brief, staining stock
solution was applied in tissue culture medium at 1ml per ml medium
and incubated in the dark at 371C for 20minutes. Fluorescence
microscopy was performed using a Zeiss microscope equipped
with a 100W mercury lamp (Zeiss, Oberkochen, Germany). For
quantification, intact mitochondria fluorescing red were counted in
at last three fields of vision for a total of 10 cells per microscopic
field.
ROS measurements
For measurement of cytosolic ROS level, cells were incubated with
100mM 1,2,3-dihydrorhodamin in PBS at the indicated time points
after initiation of EtBr treatment. Fluorescence (excitation, 485 nm;
emission, 538 nm) was measured by means of a FACSCalibur (BD
Bioscience, Heidelberg, Germany).
Statistical analysis
Results are given as meansþ SD. Results were compared using the
paired Student’s t-test. A value of Po0.05 was considered to be
statistically significant.
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